Liver-specific disruption of the type 2 deiodinase gene (Alb-D2KO) results in resistance to both diet-induced obesity and liver steatosis in mice. Here, we report that this is explained by an ~60% reduction in liver zinc-finger protein-125 (Zfp125) expression. Zfp125 is a Foxo1-inducible transcriptional repressor that causes lipid accumulation in the AML12 mouse hepatic cell line and liver steatosis in mice by reducing liver secretion of triglycerides and hepatocyte efflux of 
INTRODUCTION
The liver metabolizes thyroid hormones via conjugation and deiodination (Visser and Peeters, 2000) . The latter is critical given that thyroid hormone is secreted as thyroxine (T4) and must be activated (converted) to T3 via deiodination to gain biological activity. The liver exhibits high levels of the type 1 deiodinase (D1), but Degenerated T3 equilibrates rapidly with plasma and does not affect local thyroid hormone signaling in hepatocytes (Arrojo E Drigoand Bianco, 2011) . In contrast, the other thyroid hormone-activating deiodinase D2 does increase local thyroid hormone signaling, but it is not expressed in the adult mammalian liver due to LXR/ RXR-mediated repression (Christoffolete et al., 2010;  the expression levels of thousands of hepatic genes, increasing future susceptibility to dietinduced obesity and liver steatosis (Fonseca et al., 2015) .
A mouse with hepatocyte-specific D2 inactivation (Alb-D2KO) exhibits lower liver T3 content at birth and a delay in neonatal expression of lipid-related genes. Adult Alb-D2KO animals are less susceptible to liver steatosis, hypertriglyceridemia, and obesity when placed on a high-fat diet (HFD). A microarray study identified 165 genes that are differentially expressed in the adult Alb-D2KO liver, 10%−20% of which contain differential DNA methylation (Fonseca et al., 2015) . Among the most differentially expressed genes in the liver of Alb-D2KO mice is the Cys2Hys2 (C2H2) zinc-finger protein 125 (Zfp125), previously associated with muscle cell proliferation and transformation (Giorgi et al., 1999) .
In the present investigation, we characterized Zfp125 as a Foxo1-inducible hepatic transcriptional repressor that decreases hepatocyte lipid secretion and causes liver steatosis. We also asked whether lower levels of Zfp125 observed in the adult Alb-D2KO liver could explain the phenotype of resistance to diet-induced obesity and liver steatosis observed in these animals.
RESULTS

Zfp125 Promotes Lipid Accumulation in AML12 Cells
The Zfp125 gene encodes an ~37-kDa C2H2-type zinc-finger protein ( Figure 1A ) identified as one of the top-ranking genes downregulated in liver of adult Alb-D2KO mice (Fonseca et al., 2015) . Western blot studies indicate that liver is the site with highest Zfp125 expression ( Figure 1A ). We created the AML12 (alpha mouse liver 12) cell line stably expressing Zfp125 (AML12-Zfp125), which exhibits ~2.5-fold higher expression of Zfp125 protein levels ( Figure 1A ) and mRNA ( Figure 1B ). AML12-Zfp125 cells visibly accumulate lipids (oil red O [ORO] staining; Figures 1C and 1D ), and the neutral lipid content is increased by ~2-fold ( Figure 1G ) as compared to empty vector (EV)-expressing (AML12-EV) cells. Lipid accumulation results from an ~60% increase in cholesterol ( Figure 1H ) and ~30% increase in triglyceride content ( Figure 1I ). Keeping cells in oleic-acid-supplemented medium doubled the overall neutral lipid content and elevated cholesterol content by ~40% without significantly affecting triglyceride content . In this setting, expression of Zfp125 doubled cellular neutral lipid content and elevated triglyceride content by ~25%, while cholesterol content remained unaffected ( Figures 1G-1I ).
To identify the molecular mediators underlying this phenotype, we analyzed genes differentially expressed in AML12-Zfp125 cells. 71 genes were differentially expressed (>1.5-fold at p < 0.001) in AML12-Zfp125 versus AML12-EV cells cultured in standard medium (Tables S2 and S3) , 50 of which were suppressed and largely related to lipid metabolism (Table S2) . Gene set enrichment analysis (GSEA) identified 79 gene sets modified by stable expression of Zfp125 (false discovery rate [FDR] < 25%, normalized with 40%−80% repression of Apoa1, Apoa4, Apoe, Apoh, Mttp, Lcat, and Fabp5 ( Figure   1J ), which are known to play a role in (1) lipid binding and transport and lipoprotein assembly and (2) cellular uptake of cholesterol-containing lipoproteins (Table S1 ). The impact of these changes in mRNA is illustrated by an ~70% decrease in protein levels of Mttp ( Figures 1K and 1L ) and medium levels of Apoa1 ( Figure 1O) ; the ~20% decrease in Apoa4 levels was borderline significant (p = 0.12; Figures 1M and 1N) . Notably, no changes in lipogenic genes (Srebf1-2, Acaca, Thrsp, Gpam, Agpat2, Dgat2, Hmgcr, and Cyp7a1 mRNA levels) ( Figure S1A ) or β-oxidation genes (Acox2, Cpt1b, and Acad!) were observed in AML12-Zfp125 cells ( Figure S1A ) as assessed by qRT-PCR, except for Acsl1 identified in the microarray (Table S1 ). We next tested whether the Zfp125-mediated gene repression (Table S1 ) reduced outgoing lipid transport from the hepatocytes and we found that cholesterol ( Figure 1P ) hepatocyte efflux rate was much slower in AML12-Zfp125 cells; fatty acids (FAs; free + incorporated in triglyceride) levels were also downregulated, but to a lesser extent ( Figure 1Q ).
Of note, opposing phenotypic patterns were observed in AML12 cells in which small interfering RNA (siRNA) reduced Zfp125 mRNA levels by ~95% (Figure 2A ). Visually, cells looked similar ( Figures 2B-2E ), but neutral lipid content dropped by ~10%−20% ( Figure 2F ) due to an ~10%−15% decrease in triglyceride levels ( Figure 2H ); cholesterol levels remained stable ( Figure 2G ). Zfp125 knockdown resulted in a 10%−40% increase in mRNA levels for Apoa1, Apoa4, Apoe, and Fabp5 ( Figure 2I ), an ~30% increase in Apoa1 levels in conditioned medium ( Figure 2J ), and an ~25% increase in cellular levels of Apoa4 ( Figures 2K and 2L ).
Zfp125 Is a Transcriptional Repressor
Given that C2H2 zinc-finger proteins commonly function as transcriptional repressors (Margolin et al., 1994; Witzgall et al., 1994) , we scanned the promoter of all differentially expressed lipid-related genes in AML12-Zfp125 cells for the previously identified Zfpbinding consensus sequence 5'-GGGGGT-3' and found it to be present in 15 such genes, including Ldlr, Scarb1, Fabp1/4/5, Apoh, Apon, Apoa1, Apoc1/2, Saa3, Ephx2, Azgp1, Apof, and Mttp (Table S7) . Next, we used chro matin immunoprecipitation (ChIP) to test whether Zfp125 binds to a putative response element present ~600 bp upstream of the transcription start site of the Mttp promoter ( Figure 3A ). We found a 1.5-fold enrichment when FLAG-Zfp125 was pulled down with aFlag ( Figure 3B ). To verify that Zfp125 is indeed a transcriptional repressor, we transiently expressed in AML12-Zfp125 cells a reporter system in which the well-characterized human ApoE gene promoter drives a luciferase reporter (pGl3.ME2.Apoe; Figure 3C ). As compared with AML12-EV cells, luciferase activity was virtually null when the full ApoE promoter fragment containing 3 putative Zfp125-binding regions was used ( Figure 3C ). However, the Zfp125-mediated gene repression was only partial when a truncated ApoE gene promoter (missing the two upstream putative Zfp125-binding regions) was used ( Figure 3C ).
Hepatic Zfp125 Expression Is Induced by Fasting and via Foxo1
Zfp125 expression in mouse liver exhibits circadian rhythmicity with the acrophase immediately before feeding ( Figure 4A ). Indeed, fasting doubles Zfp125 liver expression in mice, with normalization upon re-feeding ( Figure 4B ). In contrast, exposure of AML12 cells to 20-200 nM insulin for 6 hr resulted in an ~25%−60% reduction in Zfp125 mRNA levels ( Figure 4C ) and an ~30%−50% reduction in Zfp125 protein levels ( Figures 4D and 4E ).
There was no effect of rosiglitazone or clofibrate ( Figure S1B ), glucagon ( Figure S1C ), forskolin ( Figure S1D ), or oleic acid ( Figure S1E ) on Zfp125 mRNA levels in AML12 cells.
This pattern of Zfp125 expression resembles that of Foxo1, which is part of the mechanism that allows cells to transition from fed to fasting states. Thus, we next tested whether Zfp125 expression was regulated via Foxo1. In AML12 cells, transient expression of constitutively active Foxo1 (CA-Foxo1) not only elevated Zfp125 mRNA levels by ~2-fold but also prevented the reduction in Zfp125 mRNA caused by exposure to 20 nM insulin for 6 hr ( Figure 4F ). In fact, the Zfp125 promoter region contains a predicted Foxo1 responsive element (5'-CTAAACAA-3') at approximately −2,500 bp 5' to the transcriptional start site ( Figure 4G ). In ChIP assays, we detected Foxo1 binding to this element through a 3.7-fold enrichment in aFoxo1 pull-downs ( Figure 4H ). To test whether the Foxo1 effect is observed in vivo, we looked for differences in hepatic Zfp125 mRNA levels between mice with liverspecific insulin receptor knockout (LIRKO) and mice carrying a combined liver-specific inactivation of IR and Foxo1 (LIRFKO) ( Figure 4I ). Indeed, Zfp125 mRNA levels are ~75% higher in the LIRKO liver (highest Foxo1 signaling) than in the LIRFKO liver, in which Foxo1 signaling was inactivated ( Figure 4I ). These data indicate that Zfp125 is regulated by an insulin-Foxo1-mediated mechanism.
To find out the physiological relevance of the insulin-Foxo1-Zfp125 pathway, we asked whether there is overlap between the Zfp125 and Foxo1 effects in the liver. This was addressed by comparing the set of genes differentially expressed in AML12-Zfp125 cells (microarray Table S8 ; p < 0.05) with the set of genes regulated by Foxo1 in fasted animals (differentially expressed genes between LIRKO and LIRFKO liver) (Table S9 ) . The analysis indicated that 335 genes are differentially expressed in both conditions (Table S10) (i.e., activation of Foxo1 or Zfp125 signaling), of which 91 genes were downregulated by Zfp125 and by Foxo1 (Table S10 ). When processed through the molecular signature database (MSigDB), these genes were implicated in 100 gene pathways (FDR q-value < 0.05; Table S11), including 37 metabolic, 15 catabolic, 13 biosynthetic, and 8 redox pathways. At the same time, 98 genes were downregulated by Zfp125 and upregulated by Foxo1 (Table S10) , which are involved in 83 MSigDB pathways (FDR qvalue < 0.05; Table S11), including 48 cellular housekeeping, 12 metabolic, 12 stress, 6 biosynthetic, and 4 catabolic processes.
Transient Zfp125 Expression in Liver Promotes Hepatosteatosis and Hypercholesterolemia
To assess the role played by Zfp125 in vivo, we used liposome-mediated liver-specific delivery of a Zfp125-expressing vector to induce a brief (36 hr) but intense (~8.5-fold) hepatic expression of Zfp125 ( Figure 5A ). In agreement with the AML-12 cell data, liver sections obtained post-transfection exhibited clusters of perivenular cells containing multiple small fat droplets; these fatty cells were embedded in areas containing cells that were free of fat droplets (Figures 5D and 5E) . Such clusters were not observed in liver sections of control animals ( Figures 5B and 5C ). ORO image analysis of these clusters confirmed an ~3.4-fold increase in lipid accumulation when compared with liver sections of animals that received EV ( Figure 5F ). In this setting, Zfp125 expression reduced the expression of liver Apoa4, Apoc1 and Lcat, Apoe, Apoh, Mttp, Ldlr, Scarb1, Fabp1,4,5, and Azgp1 mRNA levels by ~20%−50% ( Figure 5G ), plasma Apoa1 levels by ~10% ( Figure 5H ), Apoa4 levels in the liver by ~35% (Figures 5I and 5J) and Ldlr levels in the liver by ~30% ( Figure 5 , K-L) . Biochemistry analysis of Zfp125-expressing liver revealed a ~50% increase in triglycerides content (p = 0.09, Figure 5M ) whereas cholesterol content was only minimally affected ( Figure 5N ), probably due to the limited duration of the experiment. A striking observation in the circulation of mice transiently expressing Zfp125 was an ~35% increase in total cholesterol and an ~2.8-fold increase in VLDL+LDL cholesterol ( Figures 5P and 5Q) ; plasma triglycerides and high-density lipo-protein (HDL) cholesterol levels were not affected ( Figures 5O and 5R ). To test whether Zfp125 affects liver secretion of triglycerides in vivo, we injected Triton (WR1339) in mice transiently expressing Zfp125 in the liver to inhibit lipoprotein lipase and clearance of VLDL. In this scenario, Zfp125 reduced triglyceride secretion rate by ~30% ( Figure 5S ).
The observation that the Alb-D2KO liver exhibits a 50%−60% reduction in Zfp125 mRNA levels ( Figure 6A ) and an ~40% reduction in Foxo1 mRNA levels ( Figure 4J ) led us to hypothesize that liver Zfp125 plays a role in the Alb-D2KO metabolic pheno-type. Because the most dramatic Alb-D2KO phenotype is resistance to diet-induced obesity and to liversteatosis, these studies were performed in animals kept on an HFD. This was tested using a two prong-approach; i.e., transient Zfp125 knockdown or overexpression in mice.
Development of an Alb-D2KO-like Phenotype after Liver-Specific Zfp125 Knockdown
We first placed control mice on HFD for 10 days and subsequently split them into two groups: (1) mice receiving lipo-some-mediated liver-specific delivery of a Zfp125 siRNA and (2) mice receiving scrambled siRNA. All animals remained on HFD for an additional 5 days while receiving daily injections of the liposome mixtures, which resulted in an ~35% reduction in liver Zfp125 mRNA levels ( Figure 6B ). Remarkably, by the end of the 15th day, animals transiently expressing Zfp125 siRNA behaved similarly to Alb-D2KO mice kept on the same HFD regimen; i.e., gained much less body weight ( Figure 6C ), exhibited less liver steatosis ( Figures 6D-6I ), and accumulated less triglyceride and cholesterol in the liver (Figures 6J and 6K) but did not exhibit the slightly lower plasma triglycerides ( Figure 6L ) and very low-density lipoprotein (VLDL)/low-density lipoprotein (LDL) ( Figure 6N ) levels observed in the Alb-D2KO animals kept on HFD.
Liver Zfp125 Expression Rescues the Alb-D2KO Phenotype
We next used an approach similar to that described above by placing Alb-D2KO animals on HFD for 10 days and subsequently splitting them into two groups: (1) mice receiving liposome-mediated liver-specific delivery of a Zfp125-expressing vector and (2) mice receiving an EV. All animals remained on HFD for an additional 5 days while receiving daily injections of the liposome mixtures, which resulted in an ~3-fold elevation in liver Zfp125 mRNA levels compared with control animals ( Figure 7A ). By the end of the 15th day, Alb-D2KO animals transiently expressing Zfp125 behaved similarly to control mice kept on the same HFD regimen; i.e., gained similar amounts of body weight ( Figure 7B ), exhibited liver steatosis ( Figures 7C-7H ) with larger deposits of triglycerides and cholesterol (Figures 7I and 7J) , and exhibited higher plasma cholesterol ( Figure 7L ) and VLDL/LDL ( Figure 7M ) levels when compared with control animals kept on HFD.
ZNF670 Is the Zfp125 Human Homolog
Using the basic local alignment search tool (BLAST; NCBI), the Zfp125 nucleotide sequence ( Figure S2A ) was compared against the human reference RNA sequence database. ZNF670 was identified as gene containing the C2H2 domain with the highest score ( Figure  S2A ), the lowest E-value, and an identity of 74% (Table S5 ). In addition to the C2H2 domain, ZNF670 gene encodes within its N terminus a Kruppel-associated box A domain (KRAB-A box), known in some settings for recruiting co-repressors and other transcription factors ( Figure S2A ).
A number of experiments in AML12 cells and mice were performed with ZNF670, and the results were very similar to those obtained when Zfp125 was used; namely, ZNF670 causes lipid accumulation in AML12 cells ( Figures S2C-S2F ) and liver steatosis in mice ( Figures  S3B-S3E ) that is associated with negative regulation of key lipid-related genes ( Figures S2J  and S3M ).
DISCUSSION
The Alb-D2KO mouse is resistant to diet-induced obesity and liver steatosis (Fonseca et al., 2015) . Here, we identified the Foxo1-induciblegene Zfp125 as key mediator of this phenotype. Zfp125 is a liver transcriptional repressor ( Figures 3A-3C ) that lowers the expression of 18 genes that encode (1) lipoprotein structural or associated components, (2) lipid-binding/transport proteins across cellular membranes, and/or (3) cellular proteins involved in lipoprotein uptake (Table S1 ). Zfp125 expression leads to (1) reduction in outgoing hepatocyte/liver lipid transport ( Figures 1P and 5S ), (2) accumulation of triglycerides and cholesterol in hepatocytes that in vivo leads to hepatic steatosis (Figures 5B-5E and 7C-7H), and (3) accumulation of circulating VLDL plus LDL cholesterol levels that results in hypercholesterolemia ( Figures 5P, 5Q , 7L, and 7M). There is significant overlap between Foxo1-and Zfp125-target genes and pathways (Table S10), suggesting that Zfp125 modulates Foxo1 actions in liver. These findings provide a plausible mechanism for how a brief perinatal hepatic peak of D2 modulates susceptibility to obesity, liver steatosis, and hypercholesterolemia later in life.
Zfp125 displays typical characteristics of a transcriptional repressor. It binds to a hexameric element (5'-GGGGGT-3') (Wagner et al., 2000; Porsch-Ozcurumez et al., 2001 ) that can be found in the Mttp promoter (Figure 3 , A-B) and other genes (Ldlr, Scarb1, Fabp1/4/5, Apoh, Apon, Apoa1, Apoc1/2, Saa3, Ephx2, Azgp1, Apof, and Mttp [Table S7 ] and Apoe, Apoa4, and Lcat [Wagner et al., 2000] ) while repressing transcriptional activity of the ApoE promoter ( Figure 3C ). In fact, microarrays studies revealed that most gene sets were impoverished and only a few were enriched in hepatocytes stably expressing Zfp125 (Table  S4) . Zfp125--mediated gene repression correlates well with hepatocyte/liver accumulation of lipids ( Figures 1B-1J , 2A-2I, and 5A-5G). Even a relatively brief in vivo elevation in Zfp125 mRNA (36 hr) repressed key lipid transport genes and produced clusters of lipid accumulation in the liver (Figures 5B-5G) . Such lipid depots are made up of triglycerides and cholesterol ( Figures 1C-1I ) and unlikely reflect accelerated synthesis or slower catabolism of these lipids ( Figure S1A) . Rather, the nature of the genes affected by Zfp125
(Tables S1 and S2) suggests that slowing outgoing lipid transport is the mechanism. This was confirmed by directly measuring a slower outgoing efflux of cholesterol in AML12 cells stably expressing Zfp125 ( Figure 1P ) and slower triglyceride secretion rates in mice transiently expressing Zfp125 ( Figure 5S ). Less clear is why VLDL plus LDL cholesterol is elevated in mice transiently expressing Zfp125 (Figures 5Q and7M) , but the reduction in hepatic Ldlr could play a role (Figures 5K-5L ).
Although this was not addressed in the present study, the fact that Zfp125 expression is downstream of Foxo1 opens the possibility that Zfp125 modifies (synergistically or antagonistically) the main actions of Foxo1 in the liver; i.e., activation of gluconeo-genesis, glycogenolysis, VLDL assembly, and secretion (Cheng and White, 2010; Cheng and White, 2011; Kamagate et al., 2008; Matsumoto et al., 2006) . Indeed, a comparison between genes affected by Zfp125 expression and by Foxo1 (Table S10 ) identified multiple metabolic and cellular pathways, but not on cell cycle or apoptosis (Tables S11 and S12). However, it is striking that Zfp125 and Foxo1 have opposite effects on Mttp expression (Figure 1, J and L) and triglyceride secretion ( Figure 1Q ). In addition, even though both Foxo1 (Matsumoto et al., 2006) and Zfp125 cause liver steatosis in mice, they do it through different mechanisms. While Foxo1 acts by stimulating fatty acid synthesis and slowing down fatty acid oxidation (Matsumoto et al., 2006; Cheng and White, 2011) , Zfp125 decreases triglyceride and cholesterol secretion ( Figures 1P and 5S ). The contrast in these effects is reminiscent of the dual role Foxo1 plays in controlling hepatic insulin sensitivity and lipid metabolism (Matsumoto et al., 2006) .
Elimination of the perinatal surge in hepatocyte D2 affects, later in life, liver expression of ~165 genes involved in lipid metabolism (Fonseca et al., 2015) . Between 10% and 20% of these genes exhibit differentially methylated regions (DMRs) and thus qualify as epigenetic modifications caused by Dio2 inactivation. One such gene is Foxo1, where we identified 3 positive DMRs associated with active chromatin (Fonseca et al., 2015) ( Figure 7O ); Foxo1 mRNA levels are reduced by ~40% in adult Alb-D2KO liver ( Figure 4J ). Given the sensitivity of Zfp125 expression to Foxo1, it is not surprising that Zfp125 mRNA levels are reduced in the Alb-D2KO liver ( Figure 6A) . Thus, the critical question is how much of the Alb-D2KO metabolic phenotype can be attributed to decreased expression of Zfp125. First, we looked at gene sets enriched in the Alb-D2KO liver microarrays and found "lipoprotein binding," "lipid homeostasis," and "lipid transport" among the top gene sets (Fonseca et al., 2015) ; these sets contain genes repressed by Zfp125 (Table S1 ). Second, we showed that liver-specific Zfp125 knockdown in control mice leads to an Alb-D2KO-like phenotype of resistance to diet-induced obesity and to liver steatosis ( Figures 6B-6K ). Third, we showed that liver-specific Zfp125 expression in Alb-D2KO mice rescues their metabolic phenotype ( Figures 7A-7N ), restoring normal sensitivity to diet-induced obesity and liver steatosis (Fonseca et al., 2015) .
A previously identified zinc-finger protein ZNF202 functions as a transcriptional repressor of Apoc1/c2/e and Apoa1/c3/a4 when overexpressed in mouse hepatoma cells mhAT3F2 (Vrins et al., 2013) and of Abca1 and Abcg1 when transfected in HepG2 cells (PorschOzcurumez et al., 2001 ). In mice, transient hepatic expression of ZNF202 increases serum HDL-cholesterol levels (Vrins et al., 2013) . Furthermore, a polymorphism in ZNF259 was associated with sex-specific changes in serum lipid levels, such as LDL cholesterol (Aung et al., 2014) . Contrary to Zfp125, Zfp202 mRNA levels (the mouse homolog of ZNF202) are not modified in the Alb-D2KO liver ( Figure S1F ) and is not stimulated by fasting ( Figure  S1G ), and its effects are predominantly on cholesterol metabolism (Schmitz et al., 2004; Vrins et al., 2013) . In contrast, the set of genes repressed by Zfp125 (Table S1 ) underlies a phenotype of lipid accumulation and liver steatosis, as well as hypercholesterolemia. Taken together, these findings suggest that a group of physiologically relevant hepatic zinc-finger proteins exists that regulates different aspects of fatty acid and cholesterol homeostasis by suppressing the expression of key genes involved in these pathways.
To understand the underlying mechanisms that explain the Alb-D2KO metabolic phenotype, we identified the Foxo1-inducible Zfp125 pathway in the liver. Zfp125 reduces hepatocyte and liver lipid secretion and promotes liver steatosis. Furthermore, Zfp125 affects the expression of hundreds of Foxo1-regulated genes, potentially modifying the hepatocyte transition from fed to fasting states ( Figure 7O ).
EXPERIMENTAL PROCEDURES
All experiments were planned according to the American Thyroid Association guide to investigating thyroid hormone economy and action in rodent and cell models (Bianco et al., 2014) and were approved by the Institutional Animal Care and Use Committee at Rush University Medical Center as described previously (Fonseca et al., 2015) .
DNA Constructs and Cell Experiments
AML-12 mouse hepatocytes (American Type Culture Collection) were cultured with DMEM/F-12 medium (GIBCO) supplemented with 5 μg/ml insulin, 5 μg/mLtransferrin, 5 ng/mL selenium (ITS; GIBCO), and 40 ng/mLdexamethasone (DEX) (all from Sigma). In order to create subclones that stably express Zfp125, ZNF670 or EV (BG188, pCI-Neo; Promega), expression vectors were created. The Zfp125 expression construct (BG631) was generated by gene synthesis (Blue Heron) based on the Zfp125 coding sequence (GenBank: AJ005350). The fragment was cloned between NheI and EcoRI of the pCI-Neo vector (Promega), and a 50 FLAG epitope was added. The ZNF670 expression construct (BG660) was created by cloning the human ZNF670 (GenBank: NM_033213) cDNA with Phusion polymerase PCR (Thermo Fisher Scientific) on a template of HepG2 cells and inserted between NheI and EcoRI of the pCI-Neo vector, and an 50 FLAG epitope was added. For the gene reporter assay, pGL3Basic-ME.2/ApoEpromoter was acquired as a gift from Sohail Tavazoie (plasmid 51436; Addgene). Its truncated version (BG729) was generated by cutting the plasmid with MluI and AflII, removing 1,145 bp from the original pGL3Basic-ME.2/ ApoEpromoter, blunting, and reattaching. Constructs were confirmed by sequencing. BG631, BG660, or BG188 were transfected into AML12 cells using Lipofectamine 2000 (Thermo Fisher Scientific) following selection with G418 (500 μg/mL) for 7 days. The functionality of each specific plasmid was confirmed by qRT-PCR. For Zfp125 knockdown, a pool siRNA oligonucleotides were designed and synthesized by Dharmacon (GE Healthcare). The sequences of these siRNA oligonucleotides are listed in Table S6 . Zfp125 siRNA and non-target siRNA were transfected into cells using DharmaFECT1 transfection reagent (GE Dharmacon). Adenoviral particles expressing WT-and CA-Foxo1 expressing constructs (Lartey et al., 2015) were transiently expressed in cells. Cells were plated at 2.5 × 105 cells/well in 6-well dishes and transduced with adenoviral particles at 2.0 × 1,010 pfu/mL and 1.8 × 1010 pfu/mL, respectively, diluted in 1 mL serum-free DMEM. Complete medium containing 10% fetal bovine serum (FBS) was added after 6 hr and changed again after 24 hr. After 43 hr, medium was replaced with fresh medium containing 0.1% FBS (no ITS).
In some experiments (as indicated), cells were treated with 0.1 mM oleic acid-BSA solution (Sigma) during 48 hr; medium was changed every 24 hr. Control cells were maintained in oleic-acid-free medium. In other experiments, cells cultured for 24 hr with 0.1% FBS (no ITS) were treated with 20 or 200 nM insulin (Sigma) or 20 nM glucagon (Sigma) during 6 hr; other treatments included 300 μM clofibrate (Sigma) or 1 μM rosiglitazone (Sigma) dissolved in DMSO during 5 hr. Control cells were treated with vehicle.
ORO Cell Staining-As indicated, cells were stained with ORO (Sanchez-Hidalgo et al., 2007) and examined under a light microscope (Nikon Eclipse TS100). ORO was quantified through colorimetry after extraction with 1 mL 100% isopropanol for 10 min, followed by gentle vibration to release ORO from cells (Lin et al., 2007) . The extract from individual wells was then transferred to a 96-well plate and absorbance measured at 500 nm using BioRad iMark Microplate. The quantification of ORO intensity in representative liver sections was done using NIS Element software. ORO intensity was measured by selecting the color threshold of the ORO droplet and results expressed as mean intensity/area.
Lipid Efflux Assay-Cholesterol efflux was measured using a Cholesterol Efflux Assay Kit (Cell-based) (Abcam). Briefly, cells were plated in a 96-well white plate with 100 μL media/well and 8 hr later washed with FBS-free media. Labeling reagent and equilibration buffer were mixed and added to cells that were incubated overnight at 370C with media containing 0.1% FBS. The next morning, cells were washed with FBS-free media and then kept in media containing 10% FBS at 370C. At the indicated times (i.e., 2, 4, 6, and 8 hr), supernatant was transferred to a new 96-well white plate and fluorescence measured (excitation wavelength [Ex]/emission wavelength [EM] = 482/515 nm). The cell monolayer was solubilized with cell lysis buffer and fluorescence measured (Ex/EM = 482/515 nm). Efflux (%) was calculated by dividing fluorescence intensity of media by fluorescence intensity of cells (x 100). An FA (free + incorporated in triglyceride) assay was measured similarly, using an FA uptake assay (Abcam, ab176768). Cells were plated in 96-well black plates with 100 μL media/well and incubated overnight in 0.1% FBS media. Cells were treated with 0.1 mM oleic acid for 2, 4, 6, and 8 hr. Supernatants were transferred to a new 96-well black plate and cell monolayers solubilized with cell lysis buffer. Fatty acid labeling solution was added to cells and supernatant fractions, incubated for 30min and fluorescence measured (Ex/EM = 485/515 nm). Efflux (%) was calculated and expressed as above.
Microarray Analysis-RNA obtained from cells stably expressing Zfp125 was extracted with the RNeasy Mini Kit (QIAGEN) and processed for microarray at the Joslin Diabetes Center Genomics Core Laboratory (Boston, MA). Gene expression was evaluated using Mouse Gene 2.0 ST arrays (Affymetrix, Santa Clara, CA). Gene expression data were preprocessed using Affymetrix Expression Console. Differential expression analysis was performed in Affymetrix Transcriptome Analysis Console (TAC) to identify individual genes and gene ontology analysis was used to determine differences in enrichment of gene sets between pheno-types (GSEA, Broad Institute). The analysis was performed considering an FDR <25%, an NES >1.5, and a nominal p value < 1%. To compare differentially expressed genes from the microarray analysis of AML12-Zfp125 versus AML12-EV against the microarray analysis of LIRFKO mice versus LIRKO mice, individual genes (p value < 5%) were entered into VENNY (http://bioinfogp.cnb.csic.es/tools/venny/index.html). Gene sets were subsequently analyzed utilizing MSigDB (http://software.broadinstitute.org/gsea/ msigdb/annotate.jsp) and the overlap computed using the collection C5 (gene sets that contain genes annotated by the same Gene Ontology term), with an FDR q-value < 0.05.
ChIP Assay-ChIP assays were performed using an EZ-Chip Kit (Millipore). Chromatin lysates were prepared, precleared with Protein-A/G agarose beads, and immunoprecipitated with antibodies against FLAG (Sigma), RNA polymerase II (Millipore), or normal mouse immunoglobulin G (IgG) (Millipore) as previously described (Lartey et al., 2015) . Beads were extensively washed before reverse crosslinking. DNAwas purified and subsequently analyzed by qRT-PCR using primers flanking the proximal binding sites located in the mouse Mttp and Zfp125 promoters.
Luciferase Gene ReporterAssay-AML12-Zfp125 cells or AML12-EV were transfected with pGL3Basic-ME.2/ApoE promoter or its truncated version missing the two upstream putative Zfp125-binding sites (BG729). 24 hr later, cells were processed for luciferase activity using the Dual-Luciferase Reporter (DLRTM) Assay System (Promega).
Animal Experiments
Unless indicated otherwise, allanimals were 8-week-old male C57BL/6J mice that were kept at room temperature (220C), with a 12-hr dark/light cycle. Alb-D2KO mice (C57BL/6J background) and littermate controls were obtained and maintained as described previously (Fonseca et al., 2015) . Liver samples of male LIRKO and LIRFKO mice on a mixed (C57BL/6-FVB/N) background were obtained as described previously . Animals were euthanized by asphyxiation in a CO2 chamber. Forthe study ofcircadian rhythmicity, micewere killed on different Zeitgebertime (ZT; 0, 4, 8, 12, 16 , and 20 hr), the liver was removed, and RNA was extracted for gene expression analysis; time of the onset of light is referred to as ZT0, while the time of lights off is referred to as ZT12. 36-hrfasting experiments were performed as described previously (Lartey et al., 2015) .
Liposome-Mediated Liver Transfection-In vivo transfections were performed with a liver transfection kit (Altogen Biosystems) and a liposome lipid-based formulation optimized for in vivo administration with targeted liver delivery; plasmids and siRNA were transfected into male C57BL/6J orAlb-D2KO mice according tothe manufacturer's protocol via intraperitoneal injection. As indicated, C57BL/6J mice that had been kept on chow diet were injected with Zfp125 expressing vector or EV at 0 and 12 hr and killed at the 36-hr time point. In another set of experiments, C56BL/6J mice that had been kept on chow diet were transfected with ZNF670 expressing vector or EV at 0, 24, 48, 72, and 96 hr and killed at the 120-hrtime point. Forthe AlbD2KO phenotype recovery experiment, control and Alb-D2KO mice were kept on HFD for a total of 15 days. Starting from the10thday,Alb-D2KO miceweretransientlytransfected with Zfp125 expressing vector or EV daily, while animals were kept on HFD. All Alb-D2KO mice received a total of 5 liposome mix injections on the 10th, 11th, 12th, 13th, and 14th days of the experiment; animals were killed on the 15th day. To generate anAlbD2KO-like phenotype, similarlytreated C56BL/6J miceweretransfected with Zfp125 siRNA or non-target siRNA. All liposome-mediated livertransfection experiments were performed with mice kept with food ad libitum and fed.
Hepatic Triglyceride Secretion-Mice were fasted during 6 hr. Triton WR 1339 (Sigma) in 10% saline solution was administered via intraperitoneal injection at 500 mg/kg, as indicated previously (Forrest et al., 2013; Hirano et al., 2001 ). Blood samples were drawn hourly over a 3-hr period in heparin capillary tubes immediately prior to injection and at 1, 2, and 3 hr following injection. Plasma was prepared and processed for triglyceride measurement.
Analytical Studies
Biochemical Analyses and Histology-Blood was collected into EDTA tubes and plasma was separated by centrifugation. Plasma triglycerides were measured by enzymatic colorimetric assay (Abcam, ab65336). Plasma cholesterol fraction was assessed using the Cholesterol Assay Kit (Abcam, ab65390). Briefly, separation of HDL and LDL plus VLDL cholesterol was performed by mixing 100 μL plasma with 100 μL 2x precipitation buffer followed by a 10-min incubation at room temperature and centrifugation for 10 min at 2,000 × g. The supernatants (HDL fraction) were transferred to a new tube and pellets resuspended in PBS (VLDL plus LDL fraction). Cholesterol colorimetric assays were performed in all fractions. Plasma and medium Apoa1 levelswere quantified by Apoa1 Mouse ELISA Kit (Antibodies-online). Cellular and liver triglycerides and cholesterol contents were measured using enzymatic colorimetric assay (Abcam, ab65336 and ab65390). Immediately after killing, liver samples were embedded in optimum cutting temperature (OCT), frozen with dry ice, and stored at -800C to perform ORO staining.
Gene Expression Analysis-RNA was obtained as described previously (Fonseca et al., 2015) . Specific mRNA levels were quantified by qRT-PCR (StepOnePlus real time PCR system, Applied Bioscience) using SYBR Green Supermix (Quanta Biosciences). Standard curves consisting of 4-5 points of serially diluted mixed experimental and control group cDNA were included, and the coefficient of correlation was consistently >0.98, with an amplification efficiency of 80%−110%. The primers are listed in Table S6 , with Cyclob as internal control ( Figure S2 ).
Western BlotAnalysis-Cell/tissue sonicates were obtained as described previously (Lartey et al., 2015) . The lysates were diluted with 4x sample loading buffer (Invitrogen) and 5-25 μg total proteinwas run on 4%−12% NuPAGE BisTrisgels (LifeTechnologies). Samples were transferred to Immobilon-FL PVDF transfer membrane (Millipore) and probed with antibodies as indicated at a1:1,000 dilution overnight. Fluorescent-labeled secondary antibodies (LI-COR Biosciences) were used at 1:2,500for 1 hr. All blotswere imaged using the LI-COR Odyssey instrument per the manufacturer's instructions.
Zfp125 Antibody-a-Zfp125 was generated by ImmunoGenes Kft (Budakeszi, Hungary). In short, transgenic rabbits (Tg) with enhanced neonatal Fc receptor (FcRn) activity (Baranyi et al., 2013) were immunized as described previously (Dudok et al., 2015) using a keyhole limpet hemocyanin (KLH)-conjugated with the −80% conserved polypeptide N'-C-SNGPYKGPVYEKPFDFPS-C' in Zfp125 and ZNF670; the first C is an extra amino acid required for KLH coupling.
Statistics
All data points are mean ± SEM and were prepared using PRISM (GraphPad Software, San Diego, CA). One-way ANOVA was used to compare more than two groups, followed by the Student-Newman-Keuls' test to detect differences between groups. The Student's t test was used when only two groups were part of the experiment; p < 0.05 was used to reject the null hypothesis.
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Highlights Data and Software Availability
•
Zfp125 is a liver transcriptional repressor of lipid-related GSE107244 genes Values are the mean ± SEM of 3-12 independent samples. Gene abbreviations are in Table  S6 . *p < 0.05, **p < 0.01, ***p < 0.001 versus respective control. Values are the mean ± SEM of 3-12 independent samples. Gene abbreviations are provided in Table S6 .*p < 0.05, **p < 0.01, and ***p < 0.001 versus respective control. Values are the mean ± SEM of 3-12 independent samples. Gene abbreviations are provided in Table S6 . *p < 0.05, **p < 0.01, and ***p < 0.001 versus respective control. Table S6 . Values are the mean ± SEM of 3-10 independent samples. *p < 0.05, **p < 0.01, and ***p < 0.001 versus controls; *p < 0.05 and **p < 0.01 versus all groups.
for EV; r = 0.988 and a = 1.6 ± 0.13 for Zfp125) with slopes significantly different (p = 0.033). TGSR, triglyceride secretion rate.
Values are mean ± SEM of 3-10 independent samples. Gene abbreviations are provided in Table S6 .*p < 0.05, **p < 0.01, and ***p < 0.001 versus respective control. Values are mean ± SEM of 4-16 independent samples. Gene abbreviations are provided in Table S6 .*p < 0.05, **p < 0.01, and ***p < 0.001 versus respective control.
Values are mean ± SEM of 4-9 independent samples. Gene abbreviations are provided in Table S6 . *p < 0.05, **p < 0.01, and ***p < 0.001 versus respective control.
